Recent exome sequencing studies have implicated polymorphic Brg1-Associated Factor (BAF) complexes (mammalian SWI/SNF chromatin remodeling complexes) in several human intellectual disabilities and cognitive disorders. However, it is currently unknown how mutations in BAF complexes result in impaired cognitive function. Postmitotic neurons express a neuron-specific assembly, nBAF, characterized by the neuron-specific subunit BAF53b. Mice harboring selective genetic manipulations of BAF53b have severe defects in long-term memory and long-lasting forms of hippocampal synaptic plasticity. We rescued memory impairments in BAF53b mutant mice by reintroducing BAF53b in the adult hippocampus, which suggests a role for BAF53b beyond neuronal development. The defects in BAF53b mutant mice appeared to derive from alterations in gene expression that produce abnormal postsynaptic components, such as spine structure and function, and ultimately lead to deficits in synaptic plasticity. Our results provide new insight into the role of dominant mutations in subunits of BAF complexes in human intellectual and cognitive disorders. npg
a r t I C l e S It is generally accepted that gene expression is required for long-term memory formation; however, it remains unclear how gene expression is orchestrated by chromatin regulation during memory consolidation. Chromatin regulation via histone modification and DNA methylation is critical for controlling the gene expression that is required for normal memory processes 1 , as demonstrated by animal studies and the association of these modifications with human disorders characterized by intellectual disability 2 . Histone modification and DNA methylation represent two major mechanisms of chromatin regulation that are known to function intimately with ATP-dependent nucleosome remodeling, another major mechanism of chromatin regulation. Although much is known about the former mechanisms in memory formation, the role of nucleosome remodeling in memory processes and intellectual function remains poorly understood.
Nucleosome remodeling complexes are important for development, cancer and stem cell biology 3 . They utilize ATP hydrolysis to disrupt nucleosome-DNA contacts, move nucleosomes along DNA, and, from in vitro studies, are thought to remove or exchange nucleosomes. Nucleosome remodeling complexes are comprised of numerous subunits, and the exact compositions of different subunits are celltype specific and developmentally regulated [4] [5] [6] . A previous study identified the neuron-specific BAF (nBAF) complex, which contains a neuron-specific subunit, BAF53b. BAF53b is an actin-related protein, with high homology to β-actin, and both BAF53b and nuclear β-actin are found as monomers in stoichiometric levels bound to Brg or Brm ATPases 7 in the nBAF complex. These three proteins form the core of the nBAF complex and are responsible for targeting the Brg or Brm ATPases to specific gene promoters 7, 8 . BAF53b is unique among nucleosome remodeling complex subunits because it is neuron specific and is not found in any other nucleosome remodeling complex besides the nBAF complex 6, 8 . This unusual dedication of a subunit to a single neuronal complex makes BAF53b an ideal target for elucidating the role of the nBAF complex in learning and memory.
Homozygous deletion of Baf53b (also known as Actl6b) in mice is lethal. Neurons cultured from these mice have severe deficits in gene expression, dendritic arborization and synapse formation 8 . BAF53b begins to be expressed as neural progenitors exit mitosis and terminally differentiate into neurons 6, 9 . BAF53a, a homolog of BAF53b, is expressed in neural progenitors and is replaced by BAF53b following differentiation 9 . This switch is mediated by the repression of BAF53a expression via miR-9* and miR-124, which are selectively expressed in postmitotic neurons 10 . Failure of miRNA-mediated repression of BAF53a results in decreased BAF53b expression and impaired dendritic outgrowth 10 . In contrast, expression of miR-9* and miR-124 in human fibroblasts induces their conversion into neurons, indicating that this overall mechanism is instructive in establishing neural cell a r t I C l e S fate 11 . Given the highly coordinated regulation of BAF53b during neuronal differentiation and its role in synapse formation and dendritic arborization, it is important to understand the role of BAF53b and the nBAF complex in both the developing and adult brain.
Mutations in various subunits of nucleosome remodeling complexes have recently been implicated in human disorders characterized by intellectual disability. For example, dominant mutations in subunits of mammalian BAF complexes are implicated in Coffin-Siris and Nicolaides-Baraitser syndromes, both of which are associated with intellectual disability and specific digital abnormalities [12] [13] [14] . In addition the nBAF component BAF250b (Arid1b) is mutated frequently in sporadic mental retardation 12, 13, 15, 16 , and BAF155, BAF170 and REST were found to be mutated in exome sequencing of sporadic autism 17 . These findings suggest that the BAF nucleosome remodeling complex regulates gene expression required for proper neuronal function, synaptic plasticity and memory processes. We asked whether the BAF complex has a role in memory processes that is distinct from its role in development. We directly addressed this by examining the role of a neuron-specific component of the BAF complex, BAF53b, in synaptic plasticity and memory.
RESULTS

Generation of BAF53b mutant mice
BAF53b is a neuron-specific stoichiometric component of BAF complexes that is not found in other nucleosome remodeling complexes 8 . To examine the role of BAF53b in long-term memory processes, we engineered transgenic mice that express a mutant form of murine BAF53b with a deletion of the hydrophobic domain (BAF53b∆HD; Fig. 1a ). The rationale for this deletion is that the hydrophobic domain is predicted to enable protein-protein interactions with other subunits of nBAF complexes, and deletion of this domain in the non-neuronal homolog BAF53a has been shown to generate a dominant-negative form of BAF53a 18 . Given the high degree of homology between BAF53a and BAF53b, we predicted a similar dominant-negative effect of deleting the hydrophobic domain from BAF53b. The BAF53b∆HD transgene ( Fig. 1a) is driven by the Camk2a promoter 19 , which allows for restricted expression to forebrain excitatory neurons and postnatal development 20 . Thus, we avoided developmental effects resulting from the known role of BAF53b in postmitotic embryonic development. We developed two independent lines of Camk2a-BAF53b∆HD mice. Both lines had normal brain morphology ( Supplementary Fig. 1a ), but were characterized by significantly different levels of transgene expression in hippocampal tissue (BAF53b∆HD high and BAF53b∆HD low , P < 0.0001; Fig. 1b ), which is relevant to our hippocampus-dependent experiments. Wild-type BAF53b levels and localization were unaltered in the BAF53b∆HD mice ( Fig. 1c and Supplementary Fig. 1b-d) .
In addition to the BAF53b∆HD mice, we also examined BAF53b heterozygous null mice (Baf53b +/− ) 8 . Baf53b −/− mice have a complete loss of Baf53b mRNA and protein, and die in the first two postnatal days 8 . Consistent with the exclusive expression of BAF53b in postmitotic neurons, they have no detectable defects outside of the nervous system 8 . Baf53b +/− mice developed normally (Supplementary Fig. 1 ) and expressed approximately 50% as much Baf53b mRNA ( Fig. 1d ) and protein ( Fig. 1e) as wild-type mice. Baf53b mRNA and protein expression in Baf53b +/− mice was half of that in wild-type littermates both from home cage samples and after training (killed 30 min post object location memory (OLM) training; Figs. 1d,e and 2a). Notably, there were no neuron-specific homologs of BAF53b that could compensate for its decreased expression. Thus, these results indicate that there is no compensation in expression in the Baf53b +/− mice following behavior. In addition, both anxiety and motor function were found to be normal in BAF53b∆HD and Baf53b +/− mice as compared to wild-type controls ( Supplementary Fig. 2 ), allowing us to examine memory processes in these mice.
BAF53b is required for long-term memory
To examine the role of BAF53b in memory, we tested BAF53b∆HD and Baf53b +/− mice for both long-and short-term OLM ( Fig. 2a ) and object recognition (ORM; Fig. 2d ). Wild-type mice exhibited long-term OLM (as measured by preference for the novel location over the familiar location and calculated as the discrimination index; Fig. 2b,c) . However, both BAF53b∆HD high and BAF53b∆HD low mice exhibited significantly reduced discrimination indices compared with wild-type littermates (P < 0.01; Fig. 2b ). Similar to the BAF53b∆HD lines, Baf53b +/− mice also exhibited significant deficits in long-term OLM (P < 0.05; Fig. 2c ).
In contrast with the long-term memory deficits, short-term OLM e a 
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Home cage Behavior BAF53b�HD high WT BAF53b�HD low Figure 1 Characterization of BAF53b∆HD and Baf53b +/− mice. (a) Wild-type Baf53b is diagrammed with the hydrophobic domain shown in gray. In the BAF53b∆HD construct, amino acids 323-333 in the hydrophobic domain were deleted. The BAF53b∆HD mutant sequence was cloned into a separate vector containing intron and exon sequences with splice sites and the SV40 intron and polyadenylation signal, which was then cloned downstream of the 8.5-kb mouse Camk2a promoter. This construct was used to generate the BAF53b∆HD transgenic mice. (b) Quantitative reverse transcription PCR (qRT-PCR) was performed with transgene-specific primers to measure transgene expression in dorsal hippocampus of two independently derived lines of BAF53b∆HD mice. We identified two significantly different lines (Mann-Whitney U (18) = 0.00, P < 0.0001): BAF53b∆HD low (n = 10) and BAF53b∆HD high (n = 10) (2 of 12 founder lines). (c) Wild-type (WT) BAF53b expression in the dorsal hippocampus of BAF53b∆HD high (n = 10) and BAF53b∆HD low (n = 11) mice was not significantly different (Kruskal-Wallis H 2,33 = 4.03, P = 0.13) between mutant mice and wild-type littermates (n = 15). (d) qRT-PCR revealed that wild-type Baf53b expression in the dorsal hippocampus of Baf53b +/− mice (n = 13) was significantly (two-way ANOVA main effect of genotype, F 1,18 = 17.87, P < 0.001) reduced compared with wild-type littermates (n = 8). There was no effect of behavior (F 1,18 = 0.81, P = 0.38) or interaction (F 1,18 = 0.40, P = 0.53). (e) Western blot analysis revealed that BAF53b protein expression in dorsal hippocampus of Baf53b +/− mice (n = 13) was significantly (two-way ANOVA main effect of genotype, F 1,17 = 345.0, P < 0.0001) reduced compared with wild-type littermates (n = 9). There was no effect of behavior (F 1,17 = 0.05, P = 0.82) or interaction (F 1,17 = 0.03, P = 0.85). *P < 0.05, n values refer to number of mice. Data are presented as mean ± s.e.m. npg a r t I C l e S (tested at 90 min) was normal in BAF53b∆HD mice ( Supplementary  Fig. 3b ) and Baf53b +/− mice ( Supplementary Fig. 3c ) as compared to wild-type littermates. Deficits in long-term memory formation were also found in the object recognition task ( Fig. 2d) . Wild-type mice exhibited normal long-term ORM (as measured by preference for the novel object over the familiar object and calculated as the discrimination index). Both the BAF53b∆HD high and BAF53b∆HD low mice had significantly reduced discrimination indices compared with wild-type littermates (P < 0.05; Fig. 2e ). Baf53b +/− mice also showed significant long-term ORM deficits (P < 0.05; Fig. 2f ). In contrast, short-term ORM (tested at 90 min) was normal in BAF53b∆HD mice (Supplementary Fig. 3e ) and Baf53b +/− mice as compared to wildtype littermates ( Supplementary Fig. 3f ).
Together, these results suggest that BAF53b is critical for longterm memory formation. Notably, all of the BAF53b mutant mice (BAF53b∆HD and Baf53b +/− ) had normal short-term memory, indicating that they can perform these tasks and that their deficits at 24 h are the results of a failure of learning and memory, rather than performance. These results also support the hypothesis that BAF53b is involved in regulating gene expression required for long-term memory, as short-term memory in these tasks was transcription independent.
In addition to ORM and OLM tasks, we examined long-term memory for contextual and cued fear conditioning in BAF53b∆HD low and Baf53b +/− mice. Both lines exhibited normal response to shock, as measured by an increase in velocity in response to the shock ( Fig. 3a,d) . BAF53b∆HD low mice exhibited a significant decrease in freezing in a 24-h retention test, indicating impaired long-term memory for contextual fear (P < 0.05; Fig. 3b ). In contrast, longterm memory for cued fear was normal in BAF53b∆HD low mice as compared to wild-type littermates in a 24-h retention test ( Fig. 3c) . Similar results were observed in Baf53b +/− mice, which exhibited a significant decrease in freezing in the conditioned context in a 24-h retention test, indicating impaired long-term memory for contextual fear (P < 0.05; Fig. 3e ). In contrast, long-term memory for cued fear was normal in Baf53b +/− mice as compared to wild-type littermates in a 24-h retention test ( Fig. 3f) . Together, these results suggest that BAF53b is involved in long-term memory for contextual fear, but perhaps not in cued fear memory. Because contextual fear conditioning is hippocampus dependent, whereas cued fear conditioning is hippocampus independent, these results also suggest that the hippocampus may be more sensitive to alterations in BAF53b.
Reintroducing BAF53b into dorsal hippocampus rescues OLM
To assess whether BAF53b is sufficient for long-term memory formation in the hippocampus, we reintroduced wild-type BAF53b into the dorsal hippocampus of adult Baf53b +/− mice and wild-type littermates using adeno-associated virus (AAV). AAV expressing BAF53b (AAV-Baf53b) or GFP (AAV-hrGFP) was surgically delivered into dorsal hippocampus 14 d before behavior. AAV-Baf53b was robustly expressed in the dorsal hippocampus and BAF53b protein levels in the Baf53b +/− mice treated with AAV-Baf53b were increased to wild-type levels in CA1 ( Fig. 4a,b) . Notably, all four groups (wildtype AAV-hrGFP, Baf53b +/− AAV-hrGFP, wild-type AAV-Baf53b, Baf53b +/− AAV-Baf53b) showed normal motor function and anxiety ( Supplementary Fig. 2) . All four groups were tested for long-term OLM (hippocampal dependent) followed by long-term ORM (in a novel context with different objects; hippocampal independent) ( Fig. 4c) . Wild-type AAV-hrGFP-treated mice showed a robust preference for the displaced object indicating long-term OLM (Fig. 4d) . Baf53b +/− AAV-hrGFP-treated mice showed significantly impaired OLM, replicating our previous findings (P < 0.05; Fig. 2c ). Wildtype AAV-Baf53b-treated mice also showed a robust preference for the displaced object, similar to wild-type AAV-hrGFP-treated mice. Notably, Baf53b +/− mice treated with AAV-Baf53b showed a robust preference for the displaced object that was indistinguishable from that of wild-type mice, demonstrating a complete rescue of long-term OLM formation (Fig. 4d) . These findings indicate that the memory deficits observed in the Baf53b +/− mice ( Figs. 2c and 4d ) are a result of BAF53b having a role in regulating gene expression in the adult brain and not of its role in development. Figure 2 BAF53b∆HD and Baf53b +/− mice have impaired long-term memory. (a) Mice received 10 min of training in an environment with two identical objects and received a retention test 24 h later in which one object was moved to a new location (OLM). (b) BAF53b∆HD high (n = 9) and BAF53b∆HD low (n = 13) mice exhibited a significant 24-h long-term OLM deficit (ANOVA, F 2,34 = 5.79, P < 0.01) in a hippocampus-dependent task as compared with wild-type littermates (n = 15) and were not significantly different from zero (BAF53b∆HD high , t test t 8 = 0.39, P = 0.71; BAF53b∆HD low , t test t 12 = 0.19, P = 0.85). There were no significant differences in total exploration time between the groups during testing (ANOVA, F 2,34 = 0.45, P = 0.64) or training (ANOVA, F 2,34 = 1.13, P = 0.33). (c) Baf53b +/− mice (n = 16) exhibited impaired long-term OLM compared with wild-type mice (n = 6, t test t 20 = 2.35, P < 0.05). There was no difference in overall exploration between the groups at training (t test t 20 = 0.40, P = 0.70) or testing (t test t 20 = 0.95, P = 0.35). (d) Mice received 10 min of training in an environment with two identical objects and received a retention test 24 h later in which one object was replaced with a novel one (ORM).
(e) In a hippocampus-independent object recognition task, BAF53b∆HD high (n = 12) and BAF53b∆HD low (n = 11) mice exhibited significant ORM deficits as compared with wild-type mice (n = 18, Kruskal-Wallis H 2,38 = 10.72, P < 0.01; BAF53b∆HD high , t 11 = 13.06, P < 0.05; BAF53b∆HD low , t 10 = 11.43, P < 0.05; Dunn's post hoc tests). There were no differences in total exploration time between the groups at training (Kruskal-Wallis H 2,38 = 0.61, P = 0.98) or testing (ANOVA F 2,30 = 2.53, P = 0.09).
(f) Baf53b +/− mice (n = 9) exhibited impaired long-term ORM compared with wild-type mice (n = 10; t test t 17 = 2.88, P < 0.05). There was no difference in the overall exploration time between the groups at training (t test t 17 = 0.60, P = 0.56) or testing (t test t 17 = 0.36, P = 0.72). *P < 0.05, n values refer to number of mice. Data are presented as mean ± s.e.m. npg a r t I C l e S To examine the specificity of the long-term memory rescue, we tested the same animals on the hippocampal-independent long-term ORM task ( Fig. 4e ). Similar to our previous findings with the Baf53b +/− mice ( Fig. 2f) , wild-type AAV-hrGFP-treated mice showed a robust preference for the novel object, indicating long-term ORM. The Baf53b +/− mice treated with AAV-hrGFP showed significantly impaired ORM, replicating our previous findings (P < 0.05; Fig. 2f ). Wild-type mice treated with AAV-Baf53b also showed long-term ORM; however, in the ORM task, the Baf53b +/− mice treated with AAV-Baf53b failed to show a preference for the novel object (P < 0.05; Fig. 4e ). Given the spatially restricted viral expression in dorsal hippocampus of the Baf53b +/− AAV-Baf53b-treated mice, the failure to rescue a hippocampal-independent memory task (ORM) demonstrates specificity for the OLM rescue and not a global change in brain state or processing. Overall, these findings provide strong evidence that BAF53b is critical for long-term memory formation in adult mice.
LTP fails to stabilize in slices from BAF53b mutant mice
To assess the potential contributions of BAF53b in synaptic plasticity, a cellular mechanism that is thought to underlie memory processes, we examined long-term potentiation (LTP) in acute hippocampal slices from BAF53b∆HD and Baf53b +/− mice. Wild-type slices were tested concurrently with a subset of cases for each of the three experimental groups. Theta burst stimulation (TBS) was delivered to one input in CA1c to stimulate a single collection of Schaffer-commissural fibers while a second input delivering only low-frequency (three pulses per min) stimulation (LFS) in CA1a was used to monitor slice stability. We detected no changes over time in the excitatory postsynaptic potential (EPSP) slopes elicited by LFS in any of the slice groups (Supplementary Fig. 4a) .
A single train of ten theta bursts, which have shown to be well above the threshold (number of bursts) needed to induce LTP 21, 22 , produced a robust and immediate potentiation in wild-type slices that steadily decayed over 10 min to a plateau level that was approximately 60% above the pre-TBS baseline (the mean (±s.e.m.) LTP for minutes 50-60 post-TBS was 59 ± 4%). Hippocampal slices prepared from Baf53b +/− mice exhibited a very different pattern: short-term potentiation (STP) was not measurably different from wild-type values, but the enhanced responses failed to stabilize and instead gradually fell back to baseline ( Fig. 5a) . Percent facilitation for the last 10 min of the 1-h post-TBS session was 14 ± 6% (P < 0.0001 versus wild type).
Initial studies with slices from BAF53b∆HD low mice did not detect any abnormalities in the LTP elicited by ten theta bursts from that obtained from wild-type mice (Fig. 5b) . We therefore repeated the experiment using trains of five theta bursts, a protocol that is closer to the threshold for eliciting stable LTP in mice. A marked defect was found under these conditions. Five bursts delivered to wild-type slices produced STP and LTP effects comparable to those induced by ten bursts; slices from the BAF53b∆HD low mice exhibited normal STP, but potentiation failed to stabilize and decayed over the next hour to levels that were markedly lower than those recorded for the controls (P < 0.001 at 50-60 min post-TBS; Fig. 5c ). These results suggest that low expression of the BAF53b∆HD mutant protein is sufficient to markedly impair the machinery required to consolidate LTP and that this impairment can be overcome by supra-threshold stimulation.
We next tested whether the higher expression of mutant BAF53b∆HD in BAF53∆HD high mice would reproduce the total loss of LTP found in the Baf53b +/− mice. Slices prepared from BAF53∆HD high mice had unexpected responses to ten theta bursts. Initial potentiation was greatly amplified (facilitation at 2 min post-TBS was 239 ± 31% compared with 156 ± 10% for wild types; P = 0.003), but then showed a failure to stabilize similar to the BAF53b∆HD low and Baf53b +/− mice (Fig. 5d) . Collectively, these findings suggest that BAF53b is required for consolidation of lasting changes in synaptic strength and that somewhat lower levels are needed to maintain STP in normal boundaries. (a) During contextual fear training, velocity (cm s −1 ) did not differ between BAF53b∆HD low (n = 10) and wild-type (n = 9) mice for the 5 s before shock (pre-shock) or during the shock (shock) (repeated-measures ANOVA F 1,17 = 234.2, P < 0.0001; Bonferroni post hoc t test pre-shock versus post shock: wild type, t test t 8 = 10.09, P < 0.001; BAF53b∆HD low , t test t 9 = 11.60, P < 0.001) and there was no effect of genotype (ANOVA F 1,17 = 0.44, P = 0.51) or interaction (F 1,17 = 0.44, P = 0.51).
(b) Mice were tested in the conditioned context 24 h after conditioning. BAF53b∆HD low mice froze significantly less than wild-type mice (t test t 17 = 3.46, P < 0.05). At test, there was a significant main effect of sex (ANOVA F 1,15 = 12.39, P = 0.003), but no interaction with genotype (F 1,15 = 0.03, P = 0.86), with BAF53b∆HD low males freezing more than females (Bonferroni post hoc t test t 9 = 2.58, P < 0.05) and a similar (but not significant) trend in wild type (Bonferroni post hoc t test t 8 = 2.40, P > 0.05). (c) 24-h memory test for cued fear conditioning (test in novel context). Both groups exhibited similar levels of freezing before tone onset (pre-tone) and after tone onset (post-tone) (repeatedmeasures ANOVA F 1,16 = 0.98, P = 0.77), with a significant increase in freezing following tone onset in both groups (F 1,16 = 38.21, P < 0.0001, Bonferroni post hoc t test pre-tone versus post-tone: wild type, t 7 = 3.21, P < 0.05, n = 8; BAF53b∆HD low , t 9 = 5.68, P < 0.001, n = 10). (d) Baf53b +/− mice (n = 9) had a normal response to the shock during contextual fear training compared to wild-type littermates (n = 8), with a significant increase in velocity following shock for both groups (repeated-measures ANOVA F 1,15 = 183.3, P < 0.0001; Bonferroni post hoc t test pre-shock versus post shock: wild type, t 7 = 8.38, P < 0.001; Baf53b +/− , t 8 = 10.85, P < 0.001), and no effect of genotype (F 1,15 = 2.57, P = 0.13) or interaction (F 1,15 = 1.80, P = 0.20). (e) Baf53b +/− mice froze significantly less than wild type at the 24-h long-term contextual fear memory test (t test t 15 = 2.25, P < 0.05). (f) 24-h memory test for cued fear conditioning (test in novel context). Both groups exhibited similar levels of freezing before tone onset (pre-tone) and after tone onset (post-tone) (repeated-measures ANOVA F 1,22 = 0.53, P = 0.48) with a significant increase in freezing following tone onset in both groups (ANOVA F 1,22 = 63.29, P < 0.0001; Bonferroni post hoc t test pre-tone versus post-tone: wild type, t ( 11 ) = 6.56, P < 0.001, n = 12; Baf53b +/− , t ( 11 ) = 4.69, P < 0.001, n = 12). *P < 0.05, n values refer to number of mice. Data are presented as mean ± s.e.m. We then investigated which aspects of the complex series of events leading to induction, expression and consolidation of LTP are negatively affected by manipulations of BAF53b by examining conventional measures of transmission and the responses to theta bursts. Input-output curves (number of axons stimulated / magnitude of postsynaptic response) were comparable for wild-type and either Baf53b +/− or BAF53b∆HD low mice, but there was a marked depression of the curve in the BAF53b∆HD high mice (Fig. 5e) . The most straightforward interpretation of these results is that high expression of the BAF53∆HD mutation affects axon excitability. Consistent with this idea, the slope of the relationship between stimulation current and the amplitude of the fiber volley, a measure of the number of responsive axons, was reduced for the BAF53∆HD high slices, but not for the other two genotypes, relative to wild type (Fig. 5f) . We then tested the genotypes for differences in transmitter release kinetics using paired pulse facilitation, a measure of the extent to which release triggered by a single stimulation pulse increases release by a slightly delayed second pulse. The Baf53b +/− and BAF53b∆HD low slices did not differ from wild-type slices, but the BAF53∆HD high slices were enhanced (P < 0.0001; Fig. 5g ). However, whole-cell recording revealed that the frequency and magnitude of miniature EPSPs in the BAF53∆HD high slices were comparable to wild-type values (Fig. 5h) . In sum, BAF53∆HD high slices were characterized by depressed axon excitability and exaggerated transmitter mobilization while spontaneous release and associated postsynaptic receptor responses appeared to be normal. The Baf53b +/− slices and BAF53b∆HD low cases were comparable to controls on all tests of baseline physiology.
The above measures suggest that the failure of LTP consolidation in the Baf53b +/− and BAF53∆HD low mice cannot be attributed to presynaptic variables. We therefore examined the magnitude and within-train facilitation of the postsynaptic responses to theta bursts in these two groups. This analysis uncovered no differences between the two genotypes and wild-type slices (Supplementary Fig. 4b,c) .
Thus, it appears that the loss of LTP in the mutants involves factors that operate after induction and initial expression of potentiation, a conclusion that is consistent with our observation that STP was unaffected in these mice (Fig. 5a-c) .
The Baf53b +/− mice showed robust failure in the expression of LTP. Thus, we wanted to determine whether the mice showed deficits in activity-induced actin signaling. TBS stimulation activates actin regulatory pathways and alters synapse morphology in the same dendritic spines, as shown by a TBS-induced increase in spines containing phosphorylated p21-activated kinase (PAK) or its downstream target Cofilin 23 . Using wide-field deconvolution microscopy and immunofluorescent labeling, we found that phosphorylated Cofilin (pCofilin) had punctate labeling in stratum radiatum of CA1 and colocalized Bonferroni post hoc t test wild-type versus Baf53b +/− mice: AAV-hrGFP, t test t 18 = 2.33, P < 0.05; AAV-Baf53b, t test t 22 = 0.59, P > 0.05). There was no difference between any of the groups for total exploration at training (two-way ANOVA; no effect of genotype, F 1,40 = 3.56, P = 0.07; no effect of virus, F 1,40 = 0.02, P = 0.90; no interaction, F 1,40 = 0.63, P = 0.43) or testing (two-way ANOVA; no effect of genotype, F 1,40 = 0.29, P = 0.59; no effect of virus, F 1,40 = 0.53, P = 0.47; no interaction, F 1,40 = 4.02, P = 0.05; wild type AAV-hrGFP, n = 10; wild type AAV-Baf53b, n = 12; Baf53b +/− AAV-hrGFP, n = 10; Baf53b +/− AAV-Baf53b, n = 12). (e) Long-term ORM (24 h). There was no rescue of ORM in Baf53b +/− mice with AAV-Baf53b expression in dorsal hippocampus (two-way ANOVA; main effect genotype, F 1,33 = 12.79, P < 0.01; no main effect of virus, F 1,33 = 0.08, P = 0.77; no interaction, F 1,33 = 0.16, P = 0.69; Bonferroni post hoc t test wild-type versus Baf53b +/− mice: AAV-hrGFP, t test t 14 = 2.63, P < 0.05; AAV-Baf53b, t test t 19 = 2.42, P < 0.05). There was no difference between any of the groups for total exploration at training (two-way ANOVA; no effect of genotype, F 1,33 = 1.08, P = 0.31; no effect of virus, F 1,33 = 2.85, P = 0.10; no interaction, F 1,33 = 0.04, P = 0.84) or testing (two-way ANOVA; no effect of genotype, F 1,33 = 4.13, P = 0.05; no effect of virus, F 1,33 = 1.78, P = 0.19; no interaction, F 1,33 = 0.51, P = 0.48) (wild type AAV-hrGFP, n = 7; wild type AAV-Baf53b, n = 10; Baf53b +/− AAV-hrGFP, n = 9; Baf53b +/− AAV-Baf53b, n = 11). *P < 0.05, n values refer to number of mice. Data are presented as mean ± s.e.m. (Fig. 6a) . Quantification revealed that the intensity profiles of pCofilin puncta colocalized with PSD95 were right shifted in the Baf53b +/− mice, indicating an increase in more intensely labeled puncta (Fig. 6b,c) . pCofilin has been shown to peak 7 min post-TBS 24 . Thus, we examined pCofilin at this time point in Baf53b +/− mice and wild-type littermates. Wild-type mice showed a clear TBS-induced increase in the number of densely labeled pCofilin puncta colocalized to PSD95 7 minutes after TBS, whereas the Baf53b +/− mice did not show a TBS-induced increase in double-labeled puncta (Fig. 6d) . This difference was not a result of any changes detected in PSD95 volumes or intensities ( Fig. 6e) , suggesting that the postsynaptic terminal between the two groups is structurally similar. In view of the localization of the marked functional synaptic deficits to the postsynaptic compartment in BAF53∆HD high mice (Fig. 5) , we more closely assessed the number and structure of dendritic spines, the sites of postsynaptic elements. Crossing the BAF53∆HD high mice with a mouse line expressing YFP under the Thy1 promoter in pyramidal cells, we confirmed the overall normal anatomy of the hippocampus (Supplementary Fig. 5a ). We then analyzed the spectrum of spine types (Supplementary Fig. 5b ) encompassing subpopulations of thin, stubby and mushroom-like spines [25] [26] [27] . The overall density of dendritic spines was modestly lower in BAF53b∆HD high mice than in wild-type mice (Supplementary Fig. 5f ). However, a significant decrease in thin spines was apparent in the assessed CA1 pyramidal cells, including both main (stem) and oblique apical branches, resulting in an abnormally low ratio of thin to mushroom spines (P < 0.01; Supplementary Fig. 5c-e ). The already abnormal distribution of dendritic spine subpopulations in juvenile BAF53b∆HD high mice is consistent with the problems in synaptic function and plasticity found in these mice. Together with our immunostaining data (Fig. 6) , these results indicate that BAF53b may have roles in both spine morphology and structure, as well as synaptic events, depending on the type of Baf53b mutation. , BAF53b∆HD low (n = 6) and wild-type mice (n = 6) (ANOVA F 2,15 = 1.04, P = 0.38). Right, the slope was significantly reduced in the input-output curve produced from BAF53b∆HD high (n = 12) relative to wild type slices (n = 12) bathed in artificial cerebrospinal fluid containing 3 mM Mg + and 1 mM Ca 2+ (Mann-Whitney U (22) = 3.00, P < 0.0001). (g) Paired pulse facilitation (PPF) of the initial slope of the synaptic response was comparable (40-, 60-, 100-and 200-ms inter-pulse intervals) in slices from Baf53b +/− (n = 9), BAF53b∆HD low (n = 7) and wild-type mice (n = 14), but not in BAF53b∆HD high mice (n = 6) (two-way repeated ANOVA; main effect of genotype, F 3,32 = 11.60, P < 0.0001; main effect of interval, F 3,32 = 192.6, P < 0.0001; significant interaction, F 9,32 = 3.31, P < 0.005; see Bonferroni post hoc comparisons in Supplementary Fig. 4 ). ***P < 0.001. (h) Top, sample traces of miniature excitatory postsynaptic currents (mEPSCs) recorded from BAF53b∆HD high (n = 14) and wild-type (n = 15) neurons. Bottom, there were no differences in mEPSCs from BAF53b∆HD high and wild-type neurons for the amplitude (left, t 27 = 0.75, P = 0.46) and frequency (right, t 27 = 0.52, P = 0.61). Data are presented as mean ± s.e.m. npg a r t I C l e S Changes in gene expression during memory consolidation Together, these data indicate that reduced BAF53b function interferes substantially with the functional and structural foundations of long-term memory, that is, memory consolidation. Thus, we set out to identify which genes BAF53b regulates during memory consolidation. We performed an RNA sequencing experiment (Fig. 7) using dorsal hippocampal tissue from four groups of animals: Baf53b +/− mice taken directly from their home cage without training, Baf53b +/− mice taken 30 min after OLM training, wild-type mice taken directly from their home cage without training and wild-type mice taken 30 min after OLM training . All Baf53b +/− and wild-type mice were handled and habituated as described for OLM ( Fig. 2a and Supplementary Fig. 2) . On the training day, half of the mice from each genotype were killed 30 min after OLM training. We have previously observed substantial gene expression changes in the dorsal hippocampus 30 min after OLM training 28 . Mean PHRED quality scores indicate high-quality sequencing data for each replicate (Supplementary Fig. 6a) . After mapping and considering the haploid genome 29, 30 , RNA sequencing successfully covered transcriptome 298.50 times (Supplementary Fig.  6b ) and significant differences in expression profiles were examined between all pairs of samples for P < 0.05 (refs. [31] [32] [33] .
We first compared the expression profiles of the wild-type and Baf53b +/− mice home cage groups and found that the majority of genes (19, 524) were equivalently expressed at baseline in the two groups (Fig. 7a ). There were also groups of genes that showed increased expression (80) in wild-type compared with Baf53b +/− mice and vice versa (57) at home cage (Supplementary Tables 1 and 2) . We next examined differences in gene expression following training in the wild-type mice. Consistent with numerous studies 34 , wild-type mice showed robust changes in gene expression, including many immediate early genes (IEGs), following OLM training (compared with home cage; Fig. 7b and Supplementary Tables 3 and 4) , indicating that the training period was sufficient to induce activity-dependent gene expression during memory consolidation. In addition, many of the activity-regulated genes (124) increased in the wild type were also significantly induced in Baf53b +/− mice following training (P < 0.05; Supplementary Table 5 ). These genes were enriched for Gene Ontology [35] [36] [37] [38] terms for regulation of transcription, RNA processing and intracellular signaling, and included the majority of IEGs (Fig. 7c,d and Supplementary Table 6 ). This suggests that BAF53b and nucleosome remodeling do not affect IEG expression during memory consolidation and that the long-term memory impairments observed in Baf53b +/− mice are caused by different mechanisms. Of the 300 genes with increased expression in the wild type following OLM training, the expression of 176 failed to significantly increase in the Baf53b +/− mice (P > 0.05; Fig. 7b and Supplementary Table 7) . These genes were enriched for Gene Ontology terms involving transcription regulation and neurogenesis, as well as chromosome organization and chromatin modification, indicating a potential role for BAF53b in organizing higher order chromatin structure. In the Baf53b +/− mice, there were also a group of genes (171) that were induced following behavior that were not normally increased in the wild type ( Fig. 7b and Supplementary Table 8 ). These genes were enriched for Gene Ontology terms involving regulation of cell death, glutamate release, behavioral response to drugs of abuse, synaptic transmission and regulation of neurogenesis.
In addition to increases in gene expression, there were 101 genes whose expression decreased in the wild type following OLM training compared with home cage (Fig. 7b) and 76 genes that decreased in the Baf53b +/− mice. Of the 101 genes that decreased in the wild type, 14 also decreased in the Baf53b +/− mice (Supplementary Table 9 ) and 87 that did not (Supplementary Table 10) . The 87 genes that failed to show an activity-dependent decrease in expression in the Baf53b +/− mice were enriched for Gene Ontology terms involving cell homeostasis, postsynaptic cell membrane and cytoskeleton. In addition to the impaired decrease in gene expression, the Baf53b +/− mice also had 62 genes whose decrease in expression following behavior was not matched in the wild type (Supplementary Table 11) . These aberrantly decreased genes were enriched for Gene Ontology terms involving mitochondria function.
To further explore the link between the impairments in maintenance of long-term potentiation and cofilin phosphorylation, a r t I C l e S we examined gene expression for Gene Ontology terms involved in actin cytoskeleton and the postsynaptic density. Most genes examined showed similar expression between the Baf53b +/− mice and their wild-type littermates. However, there were several genes that showed misregulation either at baseline (home cage) or following OLM training that are involved in regulating the Rac-PAK and RhoA-LIMK pathways that both culminate in phosphorylation of cofilin and actin cytoskeleton reorganization 23 ( Supplementary Table 12 ). For example, mir132 has been shown to regulate spine plasticity 39, 40 and long-term OLM 41 by regulating Rac1 activity through translational repression of p250GAP 39 . Additional regulators of this pathway were also disrupted in the Baf53b +/− mice, including Citron (Rho interacting kinase) and Fhl2 (a member of the four-and-a-half LIM only protein family implicated in linking signaling pathways to transcriptional regulation). Components upstream of the Rac-PAK and RhoA-LIMK were also altered in the Baf53b +/− mice, including the NMDA receptor subunits Grin2b and Grin2a, as well as Efna4.
DISCUSSION
Epigenetic mechanisms of gene regulation are emerging as a critical mechanism underlying long-term memory processes. The majority of the evidence supporting this idea comes from examination of chromatin modification (for example, histone acetylation) and DNA methylation. However, nucleosome remodeling, which represents a third major epigenetic mechanism involved in regulating gene expression that has been shown to work together with chromatin modification and DNA methylation in yeast and cancer research, has yet to be investigated with regard to cognitive function. It has become increasingly important to understand the role of nucleosome remodeling considering the recent studies showing that mutations in the BAF complex are associated with intellectual disability disorders in humans [12] [13] [14] . We found that both a dominant-negative and heterozygous knockout of BAF53b produced severe long-term memory and LTP consolidation impairments, providing, to the best of our knowledge, the first evidence that nucleosome remodeling is critical for synaptic plasticity and memory. Reintroduction of BAF53b into dorsal hippocampus using adeno-associated virus rescued long-term memory deficits in the Baf53b +/− mice, providing clear evidence for the role of BAF53b in memory formation in the adult, independent of its role in neuronal development. The rescue effect was specific to the hippocampus-dependent OLM task, further supporting a specific role for BAF53b in adult memory formation. The transgenic approach allowed us to avoid potential effects of expressing mutant BAF53b∆HD on embryonic development, but the heterozygous knockout mice did not appear to have observable developmental defects either. Both genetically modified mice exhibited severe impairments in long-term memory for hippocampus-dependent tasks (object location and contextual fear conditioning). In contrast, long-term memory for cued fear was normal in both Baf53b +/− and BAF53b∆HD low lines. This suggests that the hippocampus may be more sensitive to alterations in BAF53b function, as cued fear memory is considered to be hippocampus independent. BAF53b may also have a role in cortex-dependent long-term memory, as mutant BAF53b mice also exhibited impaired long-term memory for object recognition. When performed in this manner, the task mainly depends on the perirhinal and insular cortices, indicating a potential role for BAF53bmediated gene expression in these cortical regions.
The observed long-term memory impairments were associated with specific hippocampal LTP deficits and altered dendritic spine morphology. In general, BAF53b appeared to be necessary for LTP consolidation, as induction and initial expression of potentiation were normal. However, we did observe substantially increased initial potentiation in the BAF53b∆HD high line, which then showed a failure to stabilize that was similar to that of the BAF53∆HD low and Baf53b +/− lines. Notably, the more severe LTP phenotype in the BAF53b∆HD high mice compared with the BAF53∆HD low and Baf53b +/− mice suggests that higher transgene expression alters the degree to which BAF53b effects induction, initial expression and consolidation of LTP. Given recent findings that mutations in subunits of the mammalian BAF complex are linked with sporadic autism, sporadic mental retardation and syndromic intellectual disability [12] [13] [14] [15] [16] , the spectrum of synaptic plasticity and memory impairments found with our different manipulations of BAF53b could serve as a model for disorders such as Coffin-Siris and Nicolaides-Baraitser syndrome [12] [13] [14] , and intellectual disability in general.
Notably, the impaired long-term memory and LTP consolidation deficits were associated with altered spine dynamics in the adult Baf53b +/− mice following TBS. It is generally considered that pCofilin marks spines undergoing activity-dependent actin reorganization and that an expansion in spine size underlies the maintenance of LTP 24, 42 . Similarly, BAF53b∆HD high mice had reduced availability of thin spines, consistent with the postsynaptic impairments in long-term synaptic plasticity. In juvenile and mature hippocampus, it is generally considered that thin spines are those in which afferent-patterned npg a r t I C l e S stimulation induces structural and functional plasticity, leading to incorporation of AMPA-type glutamate receptor in the synapse and a conversion from a thin to a mushroom-type spine 8, 24, 25, 43 . The specific loss of thin spines may indicate a loss in the ability to respond to afferent-patterned stimulation by functional and structural plasticity, namely, incorporation of AMPA-type glutamate receptor in the synapse, synapse growth and the conversion of a thin to a mushroom type spine [24] [25] [26] [27] 43 . Given that these spine changes occurred relatively early in life (by 3 weeks of age), they may contribute to the more severe LTP phenotype observed in BAF53b∆HD high mice, more closely mimicking the deficits observed in individuals with intellectual disability. The RNA sequencing data indicates that spine abnormalities may be a result of altered BAF53b-mediated gene expression. In the Baf53b +/− mice, several key postsynaptic density genes involved in spine plasticity showed altered expression, including multiple regulators of the Rac-PAK and RhoA-LIMK pathways. For example, mir132 expression was increased following OLM training in wild-type mice, but not in Baf53b +/− mice. mir132 has been shown to regulate spine plasticity 39, 40 and long-term OLM 41 by regulating Rac1 activity through translational repression of p250GAP 39 . mir132 also blocks the translation of methyl CpG-binding protein 2 (MeCP2) 44 , a transcriptional repressor that interacts with methylated DNA. Mecp2 mutant mice have impairments in synaptic plasticity and a variety of behaviors, including long-term memory formation (for a review, see ref. 45) , indicating that MeCP2 is critical for normal brain function. In humans, mutations in MeCP2 have been linked to Rett syndrome, a developmental disorder characterized by cognitive deficits similar to autism 46 . In addition to mir132, Baf53b +/− mice had alterations in gene expression of other regulators of the Rac-PAK and RhoA-LIMK pathways, both at the level of the postsynaptic density (Grin2b and Grin2a and Efna4) and at the level of pathway regulation (Citron and Fhl2). Understanding how exactly BAF53b and the nBAF complex is involved in the regulation of these and other genes will be critical, especially considering that spine abnormalities appear to be a common feature in intellectual disabilities, including nonsyndromic intellectual disability, Down, Fragile X and Rett syndromes 47 .
In the transgenic mice, we targeted a hydrophobic domain of BAF53b. Further analysis will be necessary to fully understand how deletion of the hydrophobic domain impairs nBAF-mediated nucleosome remodeling. Nucleosome remodeling experiments are almost exclusively carried out in vitro and in cell culture, but nucleosome positioning experiments using high-density sequencing are emerging, which may make this more feasible in heterogeneous cell populations of various brain regions associated with learning and memory. In addition, currently available antibodies are insufficient to perform a chromatin immunoprecipitation, making the localization of BAF53b to specific DNA binding sites unfeasible. It is also unclear how neuronal activity induced by a learning event activates nBAF-mediated nucleosome remodeling. In cultured neurons, nBAF interacts with the calcium-regulated transcriptional activator calcium-response transactivator (CREST) 8 . Calcium influx activates CREST-mediated transcription, which is required for normal activity-dependent dendritic development 48, 49 . In vitro, BAF53b is not required for the CREST-nBAF interaction, but loss of BAF53b does disrupt localization of both nBAF and CREST to target gene promoters 8 . CREST expression in the hippocampus continues into adulthood 48 and may serve as a potential mechanism to link neuronal activity to nBAFmediated nucleosome remodeling.
In summary, recent studies have shown that mutations in various subunits of the BAF complex cause intellectual disability disorders in humans [12] [13] [14] [15] [16] [17] and studies in culture have shown that BAF53b, in particular, is necessary for dendritic outgrowth 8 . However, there has been no clear evidence linking BAF-mediated nucleosome remodeling to cognition. We found for the first time, to the best of our knowledge, that nBAF is necessary for synaptic plasticity and longterm memory processes, likely via the regulation of gene expression required for spine structure and function. These findings support the overall idea that impaired nucleosome remodeling may be an important underlying mechanism for intellectual disability disorders.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary information is available in the online version of the paper. Accession codes. RNA sequencing data have been deposited in NCBI's Gene Expression Omnibus 50 and are accessible through GEO Series accession number GSE44229.
